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The low energy structure of 65Fe has been studied by means of γ- and fast-timing spectroscopy.
A level scheme of 65Fe populated following the β−decay of 65Mn was established for the first time.
It includes 41 levels and 85 transitions. The excitation energy of the β-decaying isomer in 65Fe has
been precisely determined at 393.7(2) keV. The β delayed neutron emission branch was measured
as Pn = 7.9(12) %, which cannot be reconciled with the previously reported value of 21.0(5) %.
Four γ-rays and four excited states in 64Fe were identified as being populated following the β-n
decay. Four lifetimes and five lifetime limits in the subnanosecond range have been measured using
the Advanced Time-Delayed Method. The level scheme is compared with shell-model calculations.
Tentative spin and parity assignments are proposed based on the observed transition rates, the
calculations and the systematics of the region.
PACS numbers: 21.10.-k, 21.10.Tg, 23.40.-s, 27.50.+e
Keywords: Radioactivity, 65Mn, 65Fe, β−, measured γ-γ coincidences, T1/2, deduced 65Fe B(XL), fast-
timing βγγ(t) method, HPGe, LaBr3(Ce) detectors
I. INTRODUCTION
In the neutron-rich nuclei protons and neutrons occupy
different orbitals than in stable nuclei. This may lead to
a modification of the single particle energies and the ap-
pearance of strong quadrupole correlations, which in turn
may neutralize the spherical mean-field shell gaps. The
quadrupole correlations make deformed intruder config-
urations energetically favourable. Therefore some of the
shell closures established along the valley of stability
break down in nuclei with high isospin values, resulting
in new shell structures.
The interplay of spherical and collective configurations
is observed in the neutron-rich nuclei below Z = 28 and
N = 40. Figure 1 shows the systematics of the excitation
E(2+1 ) energies and B(E2) values in the heavy even-even
Ni, Fe and Cr nuclei. It shows a contrast between the
systematics of Ni and of both Fe and Cr. At N = 40
Ni shows the highest excitation energy of E(2+1 ) and the
lowest B(E2) value for the subregion, while these param-
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eters take opposite characteristics for Fe and Cr.
Beyond N = 34, the g9/2 neutron orbital starts play-
ing an important role. However, shell-model calculations
using only the pfg neutron valence space fail to correctly
describe the collectivity at N = 40 [1, 2], and specifi-
cally the low energy of the 573 keV 2+1 state in
66Fe [3].
As pointed out in [4], a proper description of the strong
quadrupole collectivity in this region requires also an in-
clusion of the neutron 1d5/2 orbital. Recently Lenzi et
al. [5] have developed shell-model calculations in a large
valence space that encompasses the pf shell for protons
and the 1p3/2, 1p1/2 0f5/2, 0g9/2 and 1d5/2 orbitals for
neutrons, by using a new effective interaction and with
the monopole part empirically tuned to reproduce the ex-
perimental single-particle energies. With this approach
a very good agreement with the available experimental
data was obtained, not only for excitation energies but
also for transition rates.
The N = 40 nucleus 68Ni (Z = 28) has a large
E(2+1 ) energy above 2 MeV [6] and a small value of
B(E2; 0+1 → 2+1 ) = 265 e2fm4 (3.2 W.u) [7]. However,
mass measurements have showed that the shell gap at
N = 40 is weak for 68Ni [8], implying that the small
B(E2) value does not indicate a sub-shell gap. As pro-
tons are removed from the f7/2 orbital, the energies of the
2+1 states drop sharply and the B(E2) values increase, as
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FIG. 1. (Color online) (a) Systematics of the E(2+1 ) energies.
(b) B(E2) values in the 68Ni region. Data was taken from [11],
except 64Cr, 66,68Fe values from [10] and 58,60,62Cr values from
[12].
seen in Fig. 1. The lowest-lying 2+1 level experimentally
reported so far in the region is the 420-keV state in 64Cr
[9]. It is in line with theoretical calculations [5], which
also predict a large value for the B(E2; 2+ → 0+) in
64Cr. Recently this value was measured at NSCL by the
Coulex method to be 21(5) W.u. [10].
Compared to 66Fe, the 2+1 energy is lower in
68Fe [13],
at 517 keV. This behaviour suggests a rapid develop-
ment of collectivity in the heavier neutron rich Fe iso-
topes where the νg9/2 orbit plays an important role (see
for example Ref. [2]). This is consistent with a decreas-
ing excitation energy of the 9/2+ isomers in the odd Fe
isotopes. Precise experimental information on the Fe iso-
topes is therefore crucial to better understand of the nu-
clear structure in this region and to map the onset of
collectivity. Of particular interest are transition rates,
which provide stringent tests of theoretical models and
probe the collective and single particle nature of states.
Our present study includes the γ and fast timing spec-
troscopy of the levels in 65Fe populated following the β
decay of 65Mn. The Advanced Time Delayed βγγ(t)
method [14, 15] has been employed to measure excited
level lifetimes in the subnanosecond range. Prior to this
study, there was scarce information on the β decay of
65Mn and on the levels in 65Fe. The half-life of the 65Mn
ground state has been measured as 92(1) ms [16]. A
Pn = 21.0(5) % for the β-n branch of
65Mn was reported
in [17], who concluded that all the delayed neutron in-
tensity directly feeds the ground state of 64Fe.
A 420(13)-ns isomer was identified at 396.8 keV, which
feeds the 363.3(5)-keV level by a 33.5(5)-keV transition
[18–20]. The 33.5-keV transition was assigned as E1 [21]
although no evidence was provided. A second isomer in
65Fe was identified using Penning trap mass spectrome-
try. The excitation energy of this β−decaying state was
measured at 402(10) keV [22, 23]. Precise γ-spectroscopic
studies established that the two β-decaying states in 65Fe
populate two sets of mutually independent level schemes
in 65Co [24]. The half-lives of the β-decaying states were
measured as T1/2 = 1.12(15) s for the 402-keV (9/2
+) iso-
mer and T1/2 = 0.81(5) s for the (1/2
−) ground state [24].
Studies using multinucleon transfer reactions [2] revealed
two transitions in 65Fe which most likely form a high-spin
yrast cascade. These transitions are not expected to be
observed in the β decay of 65Mn.
A tentative partial level scheme of 65Fe following the
β decay of 65Mn was proposed by Gaudefroy et al. [25],
where ten transitions in the β decay of 65Mn were iden-
tified and five of them were placed in a tentative level
scheme. Since no γγ coincidences were observed two new
levels at excitation energies of 455 and 1089 keV were
proposed based on the energy matching.
II. EXPERIMENTAL DETAILS
The activity of 65Mn was produced at the ISOLDE fa-
cility at CERN by the bombardment of a UCx/graphite
target with 1.4-GeV protons. The reaction products dif-
fused out of the target matrix, were ionized by the selec-
tive resonant ionization laser-ion source RILIS [26] and
accelerated to 30 kV. The A = 65 ions were then mass
separated by the General Purpose Separator (GPS) [27]
and implanted into a thin aluminium foil in the center
of the experimental setup. The proton beam was pulsed,
with proton packets separated in time by multiples of 1.2
s. During the proton impact the ion beam was deflected
for 6 ms by an electrostatic gate, preventing contami-
nation with other masses. After a predefined period of
time of 400 ms the beam was deflected again in order to
block the collection of long-lived activities released from
the target and the collected sample was allowed to decay
out. In our experiment the ions were deposited on the
collection foil creating a saturated source that included
short- and long-lived decay products from the decay of
65Mn and its daughters. No old activity was removed
from the source. The strongly produced 15 min 65Ga
was also present in the data as a contaminant that was
surface ionized in the hot tungsten [28] tube where the
3laser beams interact with the effusing manganese atoms.
Manganese and other isobars (Fe, Co, Ni, Cu, Zn) have
higher ionization potentials and show negligible surface
ionization.
The measurement station included five detectors po-
sitioned in a close geometry around the beam deposi-
tion point. The fast timing β detector was a 3-mm thick
NE111A plastic scintillator placed directly behind the
radioactive source. The γ-ray detectors included two
fast-response LaBr3(Ce) scintillators in the shape of trun-
cated cones (38.1 mm in height, 38.1 mm diameter at the
bottom and 25.4 mm diameter at the entrance window),
which were coupled to the Photonis XP20D0 photomul-
tipliers, as well as two HPGe detectors with relative effi-
ciencies of 60%. The experimental set-up and data col-
lection was optimized for the application of the Advanced
Time-Delayed βγγ(t) method described in [14, 15, 29], so
only a few details are given below.
The data were collected using a digital data acquisition
system which consisted of four Digital Gamma Finder
(DGF) Pixie-4 modules Revision C [30]. Ten parameters
were collected in an independent ungated mode without
external triggers: energies from five individual detectors,
four time differences between β and each γ detector sig-
nals, and the time of arrival of the proton pulse on the
target. A PIXIE time stamp was added to each collected
parameter. Coincident events between detectors were
sorted off-line. For precise timing information we had
set four analog time-delayed βγ(t) coincidence systems
each started by a signal from the β detector and stopped
by a fast signal from one of the γ detectors. The time
range was 50 ns for coincidences between the scintillator
detectors and 2 µs for the β-HPGe coincidences. The
analog outputs from the Time-to-Amplitude Conversion
(TAC) units were fed to the Pixie-4 modules.
The energy and efficiency calibrations of the HPGe de-
tectors were made using the sources of 152Eu, 24Na, 88Rb
and 140Ba. During the whole measurement the energy
shifts remained within the ±0.1 keV limit. At the en-
ergies below 120 keV relative efficiency calibrations were
provided by the decay of 63Co to 63Ni observed in the
same experiment.
Time response calibrations of the scintillator
detectors
The lifetime measurements in subnanosecond range
were performed using the βγγ(t) method [14, 15, 29].
The time-delayed βγ(t) coincidences were started by a
signal from the β detector and stopped by one of the
LaBr3(Ce) γ detectors. An additional coincidence with
the HPGe detector was used to select the desired γ de-
cay branch. A comparison of the γγ coincidences using
HPGe-HPGe and HPGe-LaBr3(Ce) detectors revealed
the exact composition of the LaBr3(Ce) coincident spec-
tra which were characterized by worse energy resolution.
The time response calibration of the fast timing detectors
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FIG. 2. (Color online) Residual Difference curves showing
relative time response for LaBr3(Ce)-1 detector as a function
of energy for the FEP (solid line) and Compton events (dashed
line).
were performed using the β-decay sources of 140Ba/140La,
88Rb and 24Na. We have corrected for the β walk-curve
non-linearity using our standard procedures. The resid-
ual differences from a flat constant response were on the
average less than 5 ps.
The time responses of the LaBr3(Ce) γ detectors were
calibrated to within 10 picosecond precision separately
for the Compton and the Full-Energy-Peak (FEP) γ
events detected in the crystals. The time response of
a Compton events is different from FEP of the same en-
ergy [29]. The procedure started with the construction
of an “Approximate Prompt Curve” (APC) using the
Compton events for transitions following the decay of the
24Na source, and then using this curve to extract “Resid-
ual Differences” (RD) between the FEP events and the
APC curve using different sources. Our procedure is very
similar to the one described in detail in Ref. [29]. The
Residual Differences for the Compton and FEP events
are shown in Fig. 2, which is equivalent to Fig. 4 in
Ref. [29].
III. RESULTS
The identification of γ-rays belonging to the β decay
of 65Mn was made in three different ways. First, a two-
parameter data set, which included the energies of events
recorded in the HPGe detector and the time elapsed be-
tween the event and the last proton pulse, was analyzed.
The short-lived activity of 65Mn was enhanced in the off-
line sorting by selecting a time window from 10 to 450
ms after the proton pulse. Longer-lived components, in-
cluding lines from 65Ga, have been subtracted using an
equivalent time window above 800 ms, which contained
virtually no 65Mn activity. An almost pure 65Mn HPGe
energy spectrum is shown in Fig. 3. Some of the longer
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FIG. 3. Lower (a) and higher (b) energy spectrum recorded
in a HPGe detector sorted from the two-parameter data set in-
volving HPGe events and the time elapsed between the event
and the last proton pulse. A time gate was set on the proton
time spectrum in order to enhance the 65Mn activity. Longer
lived activities were subtracted as discussed in the text.
lived decay products were oversubstracted and appear in
the spectrum as small negative peaks. Figure 4 shows
an equivalent energy spectrum observed in a LaBr3(Ce)
detector, which was characterized by 3.3% energy reso-
lution at 900 keV.
Then, using the same data set, gates were set on the
full energy peaks in the HPGe spectrum and projected
on the proton time spectra. The γ rays were identified as
belonging to the 65Mn decay when their time spectrum
was consistent with the decay half-life of 92 ms [16]. Fi-
nally the identification of a line from the decay of 65Mn
was made based on firm γγ coincidences with the Mn
lines already identified in the first two steps.
A. 65Mn half-life
The 65Mn half-life was obtained by fitting a proton
time spectrum sorted out from the aforementioned two-
parameter data set. It was gated by the 363.7-keV γ ray
and projected onto the time elapsed from the last proton
pulse shown in Fig. 5. A portion of the spectrum, from
400 to 1200 ms, was fitted to an exponential decay plus
a constant background. Note, that at 400 ms after the
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FIG. 4. LaBr3(Ce) energy spectrum obtained in an equiv-
alent way to the HPGe energy spectrum. The most intense
transition energies in 65Fe are labelled.
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FIG. 5. (Color online) The time spectrum for the time
elapsed from the last proton pulse for the HPGe events gated
by the 363.7-keV transition. The fit between 400 and 1200
ms gives the half-life of 65Mn; see the text for details.
proton pulse the beam gate was closed and radioactive
sample was left free to decay. The fitted slope gives T1/2
= 91.9(9) ms in very good agreement with the adopted
half-life of 92(1) ms [16]. A similar analysis was per-
formed on the five transitions at 455.6, 569.1, 683.3 (a
doublet), 725.2 and 1002.9 keV. Their weighted average
gives a comparable value T1/2 = 92.0(13) ms.
B. γγ coincidences
The level scheme was constructed using the HPGe-
HPGe γγ coincidences. In order to enhance the 65Mn
activity a gate was also set on the proton time spectrum
between 10 to 450 ms. Figure 6 shows γ rays in coinci-
dence with the 363.7-keV line.
The level scheme for the β decay of 65Mn to 65Fe is
summarized in Figs. 7 and 8 and Tables I and II. It in-
cludes 85 transitions and 41 excited states, while a level
scheme in 64Fe populated in the β-n branch is presented
in Table III. The γ-ray intensities were obtained from
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FIG. 6. A γγ coincident spectrum gated on the intense
363.7-keV line in a HPGe detector and projected onto the
second HPGe; see the text for details.
the γ-ray singles spectra, except for the γ rays that were
part of unresolved multiplets or were too weak to clearly
show up in the singles spectra. In those cases their en-
ergies and intensities were obtained from the γγ coin-
cidences. There are a few high energy transitions for
which no coincidences were observed. They are assigned
to 65Fe, although there is a minor possibility that they
belong 64Fe. Without a detailed 64Fe level scheme, this
possibility cannot be completely excluded.
Out of 10 transitions for the decay of 65Mn to 65Fe
identified in [25] we confirm 7 lines at the energy of 92,
363, 455, 684, 724, 1004, and 1089 keV. It is not cer-
tain whether the 214-keV line listed in Ref. [25] is our
215.8-keV transition, but we definitely did not identify
transitions of the energies 1550 and 1843 keV as belong-
ing to the decay of 65Mn. Based on our γγ coincidences
we confirm the very tentative and partial level scheme
proposed in [25] based on the energy matching.
TABLE I: A list of γ-ray energies, relative intensities, placement and the strongest γγ coincident transitions from the β decay of 65Mn.
Eγ (keV) E
level
initial (keV) E
level
final (keV) I
rel
γ Strongest γγ coincidences (keV)
33.9(2) 397.6(2) 363.7(1) 4(1)a -
92.0(1) 455.6(1) 363.7(1) 0.8(1) 228.1, 363.7, 439.5, 683.8, 1103.6
114.5(3) 683.3(1) 569.1(1) 0.2(1)b 205.7, 363.6, 569.3
163.1(1) 561.0(2) 455.6(1) 0.7(1) 363.7, 456.0, 528.5
197.6(3) 561.0(2) 363.7(1) 1.4(1)b 363.7, 528.2, 2371.7
205.3 (2) 569.1(1) 363.7(1) 0.3(1) 363.7, 455.0, 520.4, 633.3, 725.9, 1318.3
215.8(1) 609.5(3) 393.7(2) 2.9(2) 757.5, 763.4, 1123.0, 1392.5
227.7(1) 683.3(1) 455.6(1) 2.5(2) 92.8, 363.7, 374.0, 405.9, 455.8
319.7(1) 683.3(1) 363.7(1) 4.4(3) 363.9, 374.6, 405.9, 683.8, 724.6, 875.8, 1319.0
363.7(1) 363.7(1) g.s. 100
92.4, 163.5, 197.7, 205.9, 227.9, 319.9, 374.4, 405.8, 439.3, 531.5, 659.7, 683.7,
693.9, 725.4, 875.4, 969.1, 1002.9,1195.2, 1318.3, 1330.1, 1368.7, 2372.1
374.1(1) 1057.3(1) 683.3(1) 1.0(1) 227.8, 319.6, 363.9, 455.9, 683.5, 796.7, 2341.5
405.6(1) 1088.7(1) 683.3(1) 1.8(1) 227.9, 320.0, 363.9, 455.9, 683.6
439.2(1) 894.8(1) 455.6(1) 3.5(3) 92.2, 363.5, 455.9, 472.4, 958.7
455.6(1) 455.6(1) g.s. 24.4(1.8)
227.9, 374.1, 405.8, 439.4, 472.3, 601.9, 633.5, 683.7, 875.8, 911.0, 958.6, 1001.6,
1103.2
472.0(1) 1366.6(2) 894.8(1) 0.9(1) 92.9, 363.7, 439.4, 455.9
488.3(2) 1057.3(1) 569.1(1) 0.2(1) 569.2
501.3(5)c - - 0.2(1) -
519.8(1) 1088.7(1) 569.1(1) 4.3(3) 205.9, 569.4
528.1(1) 1088.7(1) 561.0(2) 0.9(1) 163.6, 197.6, 363.7, 561.1
531.1(1) 894.8(1) 363.7(1) 1.1(1) 363.8, 472.0, 837.7, 958.5
560.8(1) 561.0(2) g.s. 2.7(2) 528.4, 806.2, 811.6, 1163.2, 1559.4, 2444.8, 3535.1
569.1(1) 569.1(1) g.s. 8.4(6) 114.4, 488.2, 520.0, 796.8, 989.7 1123.9, 1163.7, 1731.9, 1950.7, 2371.2
601.7(1) 1057.3(1) 455.6(1) 0.9(1) 92.5, 363.8, 455.9
633.2(1) 1088.7(1) 455.6(1) 2.2(2) 92.3, 363.9, 455.9
659.7(1) 1057.3(1) 397.6(1) 0.8(1) 363.9
683.3(1)d 683.3(1) g.s. 3.6(3) 92.4, 228.1, 319.9, 363.7, 374.5, 405.8, 455.9, 683.5, 875.9
683.3(1)d 1366.6(2) 683.3(1) 2.6(2) See above
691.5(5)e 1088.7(1) 397.6(1) 0.2(2) 363.5
693.7(1) 1057.3(1) 363.7(1) 2.2(2) 363.7
725.2(1) 1088.7(1) 363.7(1) 8.8(7) 363.7
757.2(2) 1366.6(2) 609.5(3) 0.2(1) 215.9
763.0(3) 1372.6(3) 609.5(3) 0.2(1) 215.8
772.6(2) 1228.2(2) 455.6(1) 0.4(1) 92.3, 363.5, 455.9
796.4(4) 1853.5(4) 569.1(1) 0.9(2) 569.4
796.9(1) 1366.6(2) 1057.3(1) 0.5(1)b 693.9
805.9(2) 1366.6(2) 561.0(2) 0.3(1) 163.5, 197.8, 363.7, 560.1
811.6(1) 1372.6(3) 561.0(2) 0.3(1) 197.5, 561.9
837.6(5) 1732.5(4) 894.8(1) 0.6(1)b 439.9, 455.2
875.7(1) 1558.9(5) 683.3(1) 0.8(1) 115.6, 227.9, 319.9, 363.9, 455.9, 683.4
911.1(2) 1366.6(2) 455.6(1) 0.3(1) 92.8, 364.3, 455.9
958.5(2) 1853.5(4) 894.8(1) 0.9(1) 364.4, 439.4, 455.9, 531.5
969.1(1) 1366.6(2) 397.6(1) 0.8(1) 363.8
989.7(1) 1558.9(5) 569.1(1) 0.7(1) 205.4, 363.4, 569.3
1001.6(5) 1457.2(5) 455.6(1) 0.8(1)b 92.0, 363.9, 455.8
1002.9(1) 1366.6(2) 363.7(1) 4.8(4) 364.0
1051.5(5)c - - 0.2(1) -
1057.2(1) 1057.3(1) g.s. 0.7(1) -
1088.6(1) 1088.7(1) g.s. 16.9(1.3) -
1103.2(1) 1558.9(5) 455.6(1) 1.4(1) 92.5, 363.4, 455.8
1123.0(2) 1732.5(4) 609.5(3) 0.6(1) 216.3
Continued on next page
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Eγ (keV) E
level
initial (keV) E
level
final (keV) I
rel
γ Strongest γγ coincidences (keV)
1124.6(5) 1693.7(1) 569.1(1) 0.2(1)b 569.0
1132.4(5) 1530.0(5) 397.6(2) 0.2(1) 363.5
1161.5(3) 1558.9(5) 397.6(1) 0.5(1) 364.0
1163.6(3) 1732.5(4) 569.1(1) 0.2(1)b 569.0
1195.2(2) 1558.9(5) 363.7(1) 0.6(1) 364.0
1296.2(2) 1693.7(1) 397.6(1) 0.6(1) 364.0
1318.7(2) 2002.0(3) 683.3(1) 0.6(1) 319.9, 363.7, 683.8
1330.0(1) 1693.7(1) 363.7(1) 1.2(1) 364.1
1366.2(4) 1366.6(2) g.s. 0.3(1) -
1368.9(3) 1732.5(4) 363.7(1) 0.6(1) 363.8
1392.4(4) 2002.0(3) 609.5(3) 0.2(1) 215.9
1397.8(3) 1853.5(4) 455.6(1) 0.2(1) 92.1, 364.0, 455.0
1432.8(3) 2002.0(3) 569.1(1) 0.3(1) 205.5, 363.7, 569.6
1449.1(4) 1449.1(4) g.s. 0.4(1) -
1472.0(6) 1472.0(6) g.s. 0.1(1) -
1559.4(4) 1558.9(5) g.s. 0.1(1) -
1674.2(7) 1674.2(7) g.s. 0.1(1) -
1693.7(4) 1693.7(1) g.s. 0.3(1) -
1732.5(4) 1732.5(4) g.s. 0.3(1) -
1951.1(4) 2520.2(4) 569.1(1) 0.4(1) 205.6, 363.6, 569.4
2301.3(8) 2301.3(8) g.s. 0.1(1) -
2341.4(7) 2341.4(7) g.s. 0.1(1) -
2371.7(4) 2932.6(4) 561.0(2) 0.6(1) 197.6, 363.8, 561.1
2444.8(7) 3013.5(7) 569.1(1) 0.3(1) 205.5, 363.6, 569.0
2534.8(8) 2898.5(8) 363.7(1) 0.3(1) 363.3
2561.8(7) 3245.1(7) 683.3(1) 0.4(1) 320, 364, 683
2638.9(8) 2638.9(8) g.s. 0.1(1) -
2690.4(8) 2690.4(8) g.s. 0.2(1) -
2780.2(8) 2780.2(8) g.s. 0.2(1) -
2839.8(8) 2839.8(8) g.s. 0.3(1) -
3013.1(6) 3013.5(7) g.s. 0.5(1) -
3035.6(5) 3399.3(5) 363.7(1) 0.3(1) 363.3, 569.3
3306.0(9) 3306.0(9) g.s. 0.3(1) -
3373.9(8) 3373.9(8) g.s. 0.2(1) -
3420.9(9) 3420.9(9) g.s. 0.3(1) -
3535.0(4) 4096.0(4) 561.0(2) 0.6(1) 561
4438.2(9) 4438.2(9) g.s. 0.3(1) -
a Total intensity obtained from the time-delayed component of the 363.7-keV transition, see the text for details.
b Intensity obtained from γγ coincidence spectra.
c γ rays assigned to the 65Mn decay but not placed in the level scheme.
d Doublet in 65Fe, the intensity is obtained from coincidences with 374.1- and 405.6-keV transitions.
e Only observed in the delayed coincidences of the 363.7-keV transition.
C. The exact energy of the β-decaying isomer
The 215.8-keV transition is in firm mutual coincidences
with the 757.2-, 763.0-, 1123.0-, and 1392.4-keV γ rays
(see Fig. 9). If the 215.8-keV line feeds a level at 393.7(2)
keV, then one defines a new level at 609.5 keV de-excited
by the 215.8-keV transition, and then all four coincident
lines de-excite levels already assigned to the level scheme
based on other γγ coincidences. The 393.7-keV level is
identified as the isomeric level at 402(10) keV reported
in [22]. Thus the energy of the β-decaying isomer is pre-
cisely determined at 393.7(2) keV. We found no γ rays de-
exciting the 393.7-keV level. In particular for the 393.7-
keV transition an upper limit of intensity was established
at 0.15 relative to 100 for the 363.7-keV transition.
D. The 420-ns isomer
Using the time-delayed γγ(t) coincidences between two
HPGe detectors we have confirmed the excitation energy
and the half-life of the 396.8-keV 420(13)-ns isomer re-
ported in [19]. Figure 10 shows the coincident HPGe
spectrum gated by the 363.7-keV transition with two ad-
ditional gates. One gate was set on the proton time be-
tween 10 to 450 ms to enhance the 65Mn decay, while
the second gate was set on the ∼400 ns slope part (out-
side of the semi-prompt region) of the γγ(t) time-delayed
spectrum where the 363.7-keV transition was selected
in the HPGe-STOP detector. The transitions shown in
the spectrum are those which are feeding the 420-ns iso-
mer from above and have started the time measurement.
These are the transitions at 163.1, 659.7, 969.1, 1132.4,
1161.5, and 1296.2 keV, which feed the 397.6-keV level
and are coincident to the 363.7-keV line via the unob-
served 33.9-keV transition. All these γ rays feeding the
isomer de-excite established levels in 65Fe. The energy
of the de-exciting transition is 33.9(2) keV based on the
energies of the levels involved. Unfortunately, it is not
directly observed by us as the energy threshold on each
of our HPGe detectors was above this energy. By resort-
ing the data and constructing a time-delayed spectrum
started by the feeding γ rays and stopped by the 363.7-
keV line, one obtains a spectrum shown in the insert to
Fig. 10. The slope in the time spectrum gives a half-life
of 437(55) ns in agreement with the known half-life of the
isomeric state.
In order to get the relative total intensity of the 33.9-
keV γ-ray, we have sorted time-delayed βγ(t) coinci-
dences using β and HPGe detectors with two gates: one
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FIG. 7. Low energy 65Fe level scheme populated following the β-decay of 65Mn. All results are from this work except for the
half-lives of the β-decaying states.
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FIG. 8. High energy level scheme of 65Fe populated in the β-decay of 65Mn.
9TABLE II. A list of level energies, level half-lives, β feeding,
logft, and spin/parity assignments for the levels populated in
the β decay of 65Mn to 65Fe. The logft values were calculated
using T1/2=91.9(9) ms and Qβ=10.254(6) MeV [31].
Elevel (keV) β feeding log(ft) T1/2 Jpi
0 < 8.8 > 6.0 0.81(5) s
(
1/2−
)
363.7(1) 42(5) 4.63(7) 93(3) ps
(
3/2−
)
393.7(2) 1.12(15) s
(
9/2+
)
397.6(2) 0.1(6) > 6.4 437(55) ns
(
5/2+
)
455.6(1) 8.1(1.1) 5.33(5) 350(10) ps
(
5/2−
)
561.0(2) 1.5(2) 6.06(8) 390(50) ps
(
3/2+, 3/2−, 5/2−
)
569.1(1) 0.9(4) 6.31(5) < 12 ps (1/2, 3/2)
609.5(3) 1.0(1) 6.2(6)
(
7/2+
)
683.3(1) 2.1(3) 5.86(8) 24(12) ps
(
3/2+, 3/2−, 5/2−
)
894.8(1) 1.4(2) 5.99(8) < 27 ps
(
7/2−
)
1057.3(1) 2.9(2) 5.64(6) < 8 psa
(
3/2−, 5/2−
)
1088.7(1) 20.7(9) 4.78(5) < 8 psa
(
3/2−, 5/2−
)
1228.2(2) 0.2(1) 6.76(23)
1366.6(2) 6.3(3) 5.23(5) < 8 psa
(
5/2−
)
1372.6(3) 0.3(1) 6.55(15)
1449.1(4) 0.3(1) 6.31(10)
1457.2(5) 0.5(1) 5.59(5)
1472.0(6) 0.1(1) 7.0(5)
1530.0(5) 0.2(1) 6.74(22)
1558.9(5) 2.4(1) 5.61(5)
1674.2(7) 0.1(1) 7.0(5)
1693.7(1) 1.3(1) 5.84(6)
1732.5(4) 1.4(1) 5.8(6)
1853.5(4) 1.2(1) 5.84(6)
2002.0(3) 0.7(1) 6.04(8)
2301.3(8) 0.1(1) 6.8(5)
2341.4(7) 0.1(1) 6.8(5)
2520.2(4) 0.2(1) 6.45(23)
2638.9(8) 0.1(1) 6.7(5)
2690.4(8) 0.1(1) 6.7(5)
2780.2(8) 0.1(1) 6.7(5)
2839.8(8) 0.2(1) 6.4(2)
2898.5(8) 0.2(1) 6.4(2)
2932.6(4) 0.4(1) 6.04(12)
3013.5(7) 0.5(1) 5.92(10)
3245.1(7) 0.3(1) 6.07(15)
3306.0(9) 0.2(1) 6.23(23)
3373.9(8) 0.1(1) 6.5(5)
3399.3(5) 0.2(1) 6.2(23)
3420.9(9) 0.2(1) 6.2(23)
4096.0(4) 0.3(1) 5.81(15)
4438.2(9) 0.2(1) 5.87(23)
a Indicates time calibration level, see the text for details.
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FIG. 9. γγ coincident spectrum gated by the 215.8-keV tran-
sition, the only γ ray directly feeding the β-decaying isomer
at 393.7 keV.
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FIG. 10. (Color online) Time-delayed coincidence HPGe γ
spectrum gated by the 363.7-keV transition in 65Fe. These
γ rays populate the 397.6-keV isomer and are in coincidence
with 363.7-keV transition through the 33.9-keV line. The
insert shows the time difference between the γ-rays feeding
the isomer and the coincident 363.7-keV transition; see text
for details.
set on the 363.7-keV transition in the HPGe and the
other on the proton time spectrum between 10 to 450
ms in order to enhance the 65Mn activity. The βγ(t)
time spectrum shows a large prompt peak and a slop-
ing delayed component with a half-life of about ∼400 ns.
The area of the delayed component corresponds to the
intensity of the 33.9-keV transition while the total area
of the time spectrum represents the total intensity of the
363.7-keV line. The total intensity of the 33.9-keV tran-
sition was estimated to be 4(1) in relative units. This
intensity includes conversion electron contribution and is
independent of the multipolarity of the transition.
The intensity sum of the observed γ rays feeding the
397.6-keV isomer is 3.9(2) in relative units, which com-
pared to the total intensity of the 33.9-keV transition of
4(1) implies that this isomer is weakly, if at all, directly
populated in β decay of 65Mn. No indication of any other
γ ray de-exciting this isomer was found. In particular no
γ ray of energy 397.6 keV was identified and an upper
limit of its intensity is 0.15 in relative units.
E. Absolute β and γ intensities
In the following discussion we will use the term “rel-
ative intensity” to define an intensity normalized to 100
for the 363.7 keV line and “absolute intensity” to define
the intensity per 100 β decays of 65Mn expressed in %.
The A = 65 measurement was run for 18 hours in sat-
uration mode and as a consequence an intensity balance
was established in the A = 65 decay chain and in the
β-n branch along the A = 64 chain. Measurement of the
absolute decay branches for the decay of 65Mn was then
possible using absolutely calibrated γ transitions from
other members of the decay chain. We assume here that
only one β-decaying state of 65Mn is present in this mea-
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surement and that the ion source does not surface ionize
other atoms in the β-decaying A = 65 chain (Fe, Co, Ni
and Cu) owing to their larger ionization potentials. In
this analysis we used unrestricted γ-ray spectra observed
in the HPGe detectors.
In order to determine the ground-state β feeding and
the β-delayed neutron emission probability, we divide the
total intensity of the β decay of 65Mn into the following
four decay branches: β-delayed neutron emission branch,
β-n; direct β feeding to the ground state of 65Fe, βg.s.;
β feeding to the low-spin levels in 65Fe, which then di-
rectly or indirectly feed the low-spin ground state in 65Fe,
βlevelsLS ; and the portion of the β feeding that ends up in
the second β-decaying state in 65Fe at 393.7 keV, βlevelsHS .
Two of these branches, βg.s. and βlevelsLS , feed the
Jpi=(1/2−) g.s. in 65Fe, which is then followed by β-decay
to 65Co. This decay has no direct β feeding to the ground
state of 65Co and all of the β intensity is then carried out
by three γ rays of the energy of 882.5, 1222.7, and 1996.6
keV [24]. In our measurement these transitions have rel-
ative intensities summed to I = 163.6(61). On the other
hand, the intensity of the βlevelsLS feeding is simply the
sum of intensities of γ rays directly feeding the ground
state in 65Fe and is equal to 162.1(135) in relative units.
The difference between these intensity values gives the
direct g.s. feeding in 65Fe of 1.5(148) in relative units.
The β-n branch feeds the states in 64Fe. The ground
state of 64Fe β decays to 64Co, which then decays to 64Ni.
In 64Ni the strongest γ transition is the 1345.8-keV line,
which represents 7.54 % of the total decay intensity [32].
We observe a transition at 1345.1 keV with a relative
intensity of 1.3(1). This transition includes an impu-
rity component from the decay of 65Ga to 65Ni with the
energy of 1343.9 keV and the intensity of 0.18(2) (de-
termined using other known lines in the decay of 65Ga
and the branching ratios listed in [16]). The resulting
relative intensity of the 1345.8-keV transition in 64Ni is
1.1(1), which gives a relative intensity of 14.6(21) for the
β-n branch.
A direct β feeding of the isomeric state at 393.7-keV
must be very weak due to the spin/parity difference be-
tween the isomer, with the expected Jpi = (9/2+), and
the ground state of 65Mn with Jpi = (5/2−). As for the
indirect feeding, we have identified only one γ ray, which
directly feeds this state. The relative intensity of the
215.8-keV transition is only 2.9(2).
The 393.7-keV isomer β decays to levels in 65Co, which
are different than those observed in the ground state de-
cay of 65Fe [24]. In the following analysis we use the ab-
solute intensities re-evaluated in the Nuclear Data Sheets
for A = 65 [16]. We observe 65Co transitions of energies
1412.7, 1642.2, 2443.7 and 2558.0 keV. Their summed
relative intensity is 4.5(3). The total intensity for these
γ-rays is 62.0(76) % of the isomer decay, giving an in-
tensity of 7.3(10) in relative units for the population of
the isomer in 65Fe. Independently, we looked into the
intensities from the decay of 65Ni to 65Cu. Using the
intensities of the 366.2-, and 1481.5-keV transitions (the
latter corrected for a 4 % impurity contribution from
the 1479.0-keV line in 65Cu), we obtain the total feed-
ing intensity to the β decaying levels in 65Fe as 172(10)
relative units, which must be compared to the individ-
ual contributions of 163.6(61) and 7.3(10) for the ground
state and isomer, respectively, giving together 170.9(62)
in excellent agreement with the 65Cu data.
The total β− decay intensity of 65Mn is the sum of
14.6(21), 163.6(61) (sum of two components) and 7.3(10),
giving a total relative intensity of 185.5(65). This inten-
sity is equal to 100% in absolute units giving a renormal-
ization factor of 0.539(19), which converts relative inten-
sity units into absolute intensities. The β-n branch is
7.9(12) % and the direct ground state feeding is ≤ 8.8 %.
We note the excellent agreement with the preliminary
value of < 10 % for the ground state β feeding reported
in [25].
The absolute β feeding to each level was calculated as
the difference of γ transition absolute intensities feeding
and depopulating the level. Two of the levels, at 363.7
and 1088.7 keV, receive very strong β feeding which to-
gether amounts to more than 60%. A significant β feed-
ing goes also to the levels at 455.6, 683.3, 1057.3, 1366.6
and 1558.9 keV. A summary of the properties of levels in
65Fe is given in Table II.
F. β-n branch directly feeding the ground sate of
64Fe
The total β-delayed neutron emission branch in the
decay of 65Mn is 7.9(12) % and a significant portion of
the β-n feeding goes to the excited states in 64Fe. We
observe the 746.4(1)-keV transition in coincidence with
the 1017.4-, 1105.8- and 1370.7-keV lines, all previously
assigned to the level scheme of 64Fe [3, 17, 33]
A fit to the slope of the time-delayed proton spectrum
gated by the 746.4-keV line gives a half-life of 99(9) ms
which firmly assigns this line to the β-n decay of 65Mn.
Table III provides a summary on the information of these
transitions. The absolute intensity of the 746.4 keV tran-
sition is 2.4(1)%. There must be other ground state tran-
sitions as well in this β-n decay that remain unobserved
by us. This leads to the conclusion that the direct β-n
feeding to the g.s. of 64Fe is less than 5.5 %.
Our Pn value of 7.9(12) % contradicts the value of
21.0(5) % reported in [17] as our result is about three
times lower. Our result on the direct g.s. feeding is even
more different, since in ref. [17] the entire β-n intensity
of 21 % was assigned to directly feed the ground state of
64Fe, while in our work a significant portion goes to the
excited states. Thus for the direct ground-state feeding
our measured intensity is almost four times lower.
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TABLE III. γ-rays assigned to 64Fe from the β-n decay of
65Mn. The intensities are normalized to the 363.7-keV inten-
sity of 100.
Eγ (keV) E
level
initial (keV) E
level
final (keV) I
rel
γ γ-γ coincidences (keV)
746.4(1) 746.4(1) g. s. 4.4(2) 1017.4, 1105.8, 1370.7
1017.4(3) 1763.8(3) 746.4(1) 0.4(1) 746.4
1105.8(5) 1852.2(5) 746.4(1) 0.5(1) 746.4
1370.7(5) 2117.1(5) 746.4(1) 0.2(1) 746.4
IV. FAST TIMING MEASUREMENTS
The shape deconvolution technique was used for the
half-lives longer than 80 ps when time spectra have shown
a slope on the delayed side, while the centroid shift anal-
ysis was applied for shorter lifetimes. A summary of
lifetime measurements is given in Table IV. The fast
timing analysis involved β-LaBr3(Ce)(t) and β-HPGe-
LaBr3(Ce)(t) coincidences. The contribution from the
two HPGe detectors were summed together, while those
from the LaBr3(Ce) detectors were analyzed separately
since their time responses were different.
Our preliminary analysis of the level lifetimes in 65Fe
indicated that only three levels, those at 363.7, 455.6 and
561.0 keV, have sufficiently long lifetimes to be measur-
able by the deconvolution method. These lifetimes were
deduced from double β-LaBr3(Ce)(t) coincidences. The
first two levels are de-excited by strong γ-rays, which are
well separated in the LaBr3(Ce) spectrum, see Fig. 4.
455.6-keV level: A narrow gate was set on the 455.6-
keV peak in the LaBr3(Ce) spectrum to ensure that the
contribution from the 439.2-keV transition is minimized.
In any case, the 894.8-keV level has a very short half-
life (see results below) so that a small presence of the
439.3-keV γ ray in the energy gate does not influence
the present slope fitting. The βγ time-delayed spectrum
gated by the 455.6-keV transition is shown in Fig. 11.
Fitting the slope with an exponential decay yielded the
half-life of 350(10) ps. This result is the weighted average
of the two lifetimes obtained independently using each of
the LaBr3(Ce) detectors.
363.7-keV level: The time-delayed spectrum gated
by the 363.7-keV transition shown in Fig. 12, has two
lifetime components. The longer one, with a half-life
consistent with 350 ps is due to the level half-life of the
455.6-keV state that feeds the 363.7-keV level via the
92.0-keV line. The time distribution was fit to a prompt
Gaussian plus two exponential decays. The shorter com-
ponent gives 93(3) ps for the half-life of the 363.7-keV
level. One should note that on a much longer scale, not
relevant to this analysis, this time spectrum has also a
420 ns component due to the 397.6-keV isomer feeding
the 363.7-keV level via the 33.9-keV transition. Over
a few nanoseconds range, this long component provides
merely a flat background contribution.
561.0-keV level: In the LaBr3(Ce) energy spectrum
of the βγ data set, the 560.8- and 569.1-keV transitions
can not resolved. Thus, the time spectrum gated on that
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FIG. 11. Time-delayed βγ(t) spectrum gated by the 455.6-
keV transition. Its slope is due to the half-life of the 455.6-keV
level. A fit to the exponential decay yields T1/2 = 350(10) ps.
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FIG. 12. Time-delayed βγ(t) spectrum gated by the 363.7-
keV transition. Its shorter slope is due to the 93(3) ps half-life
of the 363.7-keV level; see text for details.
double peak represents a combination of the half-lives of
both levels at 561.0 and 569.1 keV. The time spectrum
shows a short and a long component, the latter with a
well defined slope in its time-delayed part. The 569.1-keV
γ ray is 3 times more intense than the 560.8-keV transi-
tion, but its half-life is short enough to appear as a semi-
prompt time distribution (as determined in the following
section). Consequently the observed long half-life was as-
signed to the 561.0-keV level. A fit of a two-component
exponential decay gives a half-life of the 561.0-keV level
as 390(30) ps.
The half-lives of the 569.1-, 683.3-, and 894.8-keV lev-
els were obtained by the centroid shift method using the
triple coincident fast timing βγγ data.
569.1-keV level: For the 569.1-keV level we have
used the two γ-ray cascade of the 519.8-569.1 keV tran-
sitions. The centroid of the time-delayed βγ(t) spectrum
gated by the 519.8-keV γ ray in LaBr3(Ce) detector with
an additional HPGe gate at 569.1 keV gives a time ref-
erence spectrum. By reversing the gates and taking the
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569.1-keV line in LaBr3(Ce) and the 519.8-keV transition
in HPGe, one obtains a time spectrum, whose centroid is
shifted from the reference point by the mean-life of the
569.1-keV level. In all centroid-shift analyses we make
standard corrections for the Compton continuum under
the full-energy peaks in the LaBr3(Ce) spectrum and the
energy dependent time response for the full-energy peaks
(the RD-corrections) [29]. For the first LaBr3(Ce) detec-
tor the centroid shift gives the value of T1/2 = 0.0(106)
ps, and for the second the value of 8.7(104) ps, giving the
average value of T1/2 = 4.3(74) ps or a limit of ≤12 ps.
683.3-keV level: For the 683.3- and 894.8-keV lev-
els we do not have easily defined reference points for the
centroid shift analysis. Therefore, we define an approx-
imate prompt position at 363.7 keV. First we construct
three βγ(t) time spectra gated by the 693.7-, 725.2-,
and 1002.9-keV transitions in the HPGe detector, respec-
tively, and by the 363.7-keV line in the LaBr3(Ce). These
time spectra are shifted from the prompt time position by
∆τ = τ0 + τtoplevel + τ363, where τ0 is a constant shift
from the prompt due to the electronics, τtoplevel is the
mean life of the top level, which in this case is either the
1057.7-, 1088.7-, or 1366.6-keV level, respectively, while
τ363 is the meanlife of the 363.7-keV state, which has a
known value of 134.2(43) ps (T1/2 = 93(3) ps) measured
by us. The three time spectra for the first LaBr3(Ce)
detector differ by less than 3 ps from their average posi-
tion, while for for the second detector they differ by less
than 1.6 ps. It means the lifetimes of the top levels are
the same within a few ps. Since these states do not have
lifetimes manifested by slopes, and it is very unlikely that
all of them have the same lifetime of tens of ps, there-
fore the equality of their centroids really means their life-
times are short with T1/2 below a few ps. Consequently,
as a correction we arbitrarily assume for these levels a
half-life of T1/2 = 0(8) ps, which effectively increases the
uncertainty in the lifetime determinations due to the our
inability to determine the lifetimes of the “upper levels”
assumed here to be below a few ps.
Using the triple coincidence fast timing βγγ data, a
gate was set on the HPGe detector on the 363.7-keV tran-
sition and a γ-ray peak was selected in the LaBr3(Ce)
detector at 319.7 keV. The centroid of the selected fast
timing βγγ spectrum is equal to τ0 + τ683. The differ-
ence from the approximate prompt position at 363.7 keV
in the half-life units is 31(12) ps for the first LaBr3 de-
tector and 18(12) ps for the second one. The weighted
average of these results with the subtracted correction
for the reference levels of 0(8) ps, gives a half-life for the
683.3-keV level equal to 24(12) ps.
894.8-keV level: In a similar way we have measured
the lifetime of the 894.8-keV state. Using the fast timing
βγγ data, a gate was set in the HPGe detector on the
455.6-keV transition and a γ-ray peak was selected in
the LaBr3(Ce) detector at 439.2 keV. The centroid of the
selected fast timing βγ spectrum is equal to τ0 + τ894.
The differences from the approximate prompt position
at 363.7 keV in the half-life units are 8(18) and 16(16)
ps for the first and second detectors, respectively. The
averaged result, minus the correction of 0(8) ps, gives the
half-life of the 894.8-keV level equal to 12(15) ps or T1/2
≤27 ps.
V. DISCUSSION
As the starting point for the spin/parity assignments
to levels in 65Fe we take the assignments adopted by the
evaluators in the Nuclear Data Sheets for A = 65 [16]
for the following β-decaying states: Jpi = (5/2)− for the
ground state of 65Mn and Jpi = (1/2)− and (9/2)+ for
the ground state and the 393.7-keV states in 65Fe, re-
spectively. We do not adopt other assignments proposed
in [16] as our new results correct them.
TABLE IV. Summary of the half lives and transition rates
measured in 65Fe.
Level (keV) T1/2 (ps) Eγ (keV) Multipolarity B(XL) W.u.
363.7 93(3) 363.7 M1 4.9(2) · 10−3
397.6 437(55) ns 33.3 E1 9.2(71) · 102
455.6 350(10) 92.0 M1 2.6(4) · 10−3
455.6 E2 5.1(6)
561.0 390(30) 163.1 M1 6.4(8) · 10−4
E1 3.9(4) · 10−5
197.6 M1 2.2(3) · 10−3
E1 7.7(1) · 10−7
561.0 M1 1.8(2) · 10−4
E2 11(1)
569.1 < 12 205.3 M1 > 7.9 · 10−3
E1 > 1.5 · 10−4
569.1 M1 > 9.6 · 10−3
E1 > 1.8 · 10−4
683.3 24(12) 227.7 M1 1.8(9) · 10−2
E1 3.5(18) · 10−4
319.7 M1 1.2(6) · 10−2
E1 2.2(11) · 10−4
683.3 M1 9(5) · 10−4
E1 1.8(3) · 10−5
894.8 < 27 439.2 M1 > 7.1 · 10−3
E1 > 1.4 · 10−4
531.1 M1 > 1.3 · 10−3
E1 > 2.5 · 10−5
E2 > 7
Ground state, Jpi = (1/2−): The tentative spin
parity assignments of (5/2)− and (1/2)− to the ground
states of 65Mn and 65Fe would imply a very weak direct
β feeding between these states as the feeding would go
via a second forbidden β transition. Our limit on a direct
β feeding is ≤8.8 %, supporting these assignments.
363.7-keV level, Jpi = (3/2−): This state receives
a very high direct β feeding with the intensity of 42(5)%
and logft = 4.6, which implies an allowed β transition
between the (5/2)− g.s. of 65Mn and the 363.7-keV state,
the same parity for the states, and the spin/parity assign-
ments of (3/2)−, (5/2)− and (7/2)−.
The first excited state has a half-life of 93(3) ps and it
decays to the ground state by the 363.7-keV line. If this
γ ray would have an E2 multipolarity its B(E2) value
would be 62(2) W.u., thus about three times higher than
the collective B(E2; 2+1 → 0+1 ) values in the neighboring
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even-even Fe isotopes. Consequently the 363.7-keV tran-
sition is not an E2. This transition could be either E1
or M1 in character, with the B(E1) value of 9.3×10−5
W.u. or B(M1) = 4.9×10−3 W.u. Due to the parity con-
siderations, this transition could be onlyM1 in character,
limiting the spin/parity for the level to (3/2)−. The life-
time of the level does not exclude a small E2 component
in the transition. If we assumed a small E2 component
in the 363.7-keV transition with B(E2) of 5 W.u. then
the branching ratio for E2 would be 8% while for M1 it
would be 92%.
393.7-keV level, Jpi = (9/2+): The second excited
state is a β decaying isomer with T1/2 = 1.12(15) s. We
could precisely determine its excitation energy and we
could also investigate possible γ-decay branches to the
lower-lying states; the ground state and the 363.7-keV
state. The isomer has a weak direct and indirect β feed-
ing, which amounts to only 3.9(5) %, out of which 1.6%
goes via a single 215.8-keV γ-ray feeding the state. There
are likely a few more unobserved γ rays feeding the iso-
mer. Direct β feeding is probably much smaller owing to
the spin/parity differences between Jpi = (9/2+) for the
isomer and Jpi = (5/2−) for the ground state of 65Mn.
We do not observe any γ rays de-exciting the isomer.
The upper limit on intensity for the 393.7-keV transition
is 0.15 in relative units, while the relative intensity in the
β-decay channel is 7.3(1.0). Thus using the γ branch of ≤
0.021 one obtains for a M4 transition the B(M4) ≤ 3900
W.u., which is consistent with no observation of any γ
transition, since it means that the true γ branching is
much lower than the measured limit. The other possible
parity changing multipolarities are E1, M2 or E3. Yet,
they have exceptionally low and unrealistic rates except
perhaps for the E3 multipolarity.
This isomer may also decay to the 363.7-keV level by
a 30.0-keV transition, which would be E3 in character.
But even with the B(E3) value of ∼10 W.u. the total
intensity of this transition would be negligible.
397.6-keV level, Jpi = (5/2+): The 397.6-keV state
is also an isomer with the half-life of 420(13) ns. It de-
cays to the (3/2−) state by the 33.9-keV line, for which
an E1 multipolarity was proposed albeit no evidence was
provided for this assignment [21]. The observed γ inten-
sity feeding the isomer is 3.9(2) in relative units, while
the total intensity of the 33.9-keV transition is 4(1). This
intensity balance implies that the isomer is weakly, if at
all, directly populated in the β-decay of 65Mn. We do not
observe any direct γ transition to the ground state at the
energy 397.6 keV, for which an upper limit of intensity
was established to be 0.15 in relative units. Another pos-
sible branch of decay is a 3.9-keV transition to the (9/2+)
state at 393.7 keV.
The 33.9-keV transition must be a dipole either E1 or
M1 in character making the spin of the 397.6-keV state
either 1/2, 3/2 or 5/2. The B(E1) and B(M1) values
would be 1.2×10−5 W.u. and 7.9×10−4 W.u., respec-
tively. The transition cannot be E2 since then its B(E2)
value would be 64 W.u., a transition rate too collective
for 65Fe. Moreover, its electron conversion coefficient of
29.5 would make this transition virtually undetectable
in low-intensity experiments and yet the transition was
previously observed.
If the unobserved 397.6-keV transition would be a
dipole E1 or M1 transition then the B(E1) and B(M1)
rates would be ≤ 6×10−10 W.u. and ≤ 3×10−8 W.u., re-
spectively. These rates are too low to be realistic, there-
fore we reject these options. Consequently, this transition
must be either E2 or M2 in character. The correspond-
ing B(E2) and B(M2) rates are ≤ 3×10−4 W.u. and
≤ 1.7×10−2 W.u., respectively. The B(E2) rate is ex-
ceptionally low, while the B(M2) rate is just about the
average value one could expect for this nucleus [34, 35].
Consequently, the most likely spin/parity assignment for
the 397.6-keV state is (5/2+). The difference in the parity
between this state and the ground state of 65Mn explains
very weak, if any, direct β feeding to this state.
The proposed spin/parity assignments would imply
that the unobserved 3.9-keV transition is E2 in char-
acter. By assuming that its B(E2) value is below 20
W.u. it would imply the total intensity for this transi-
tion to be less than 0.05 in relative units, thus negligible.
On the other hand, if the 3.9-keV transition would be
M1 or E1 in character, a significant portion de-exciting
the 397.6-keV level would feed the state at 393.7-keV.
That portion would be detectable via missing intensity in
the 33.9-keV line. The balance of intensities feeding and
de-exciting the 397.6-keV level excludes this possibility.
Thus the 397.6-keV level is de-excited almost exclusively
by the 33.9-keV transition, which supports the proposed
spin/parity assignments to this level.
455.6-keV level, Jpi = (5/2−): This level receives
a strong β feeding with logft = 5.3 from the (5/2−)
ground state in 65Mn, which implies a spin/parity of
(3/2−), (5/2−) or (7/2−) for the 455.6-keV state. On
the other hand, this level has a relatively long half-
life of 350(10) ps and is de-excited by γ-rays to the
(1/2−) ground state and the (3/2−) 363.7-keV state. The
455.6-keV ground state transition can be either M1 with
B(M1) = 6.4(8)×10−4 W.u., or E2 with B(E2) = 5.2(6)
W.u., while the 92.0-keV transition can only be M1 with
B(M1) = 2.5(4)×10−3 W.u. The 92.0-keV γ ray cannot
be E2 since then its B(E2) would have an unrealistic
value of 500 W.u.
The transition rates allow for a choice of only two
spin/parities: (3/2−) or (5/2−). We adopt the second al-
ternative, since it allows for a B(E2) value for the ground
state transition consistent with a core coupled state.
This level can also decay by a 58.0-keV transition to
the (5/2+) state at 397.6 keV. Assuming a typical B(E1)
value of about 1×10−5 W.u. for this transition its total
relative intensity would be only about 0.2.
561.0 keV, Jpi = (3/2−,5/2−,3/2+): This level
has a small β-feeding with logft = 6.1 and populates
levels of spin (1/2−) and (3/2−) and (5/2+), but not the
9/2+ isomer nor the (5/2−) state. One of the γ transi-
tions must be parity changing E1. If the 163.1-keV line
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is E1 then the possible spin/parity for the 561.0-keV level
is either (3/2−), (5/2−) or (7/2−). Taking the measured
T1/2 we obtain aB(E1) value of 4×10−5 W.u. The 197.6-
keV line must be M1, with a B(M1) value of 2.2×10−3
W.u., as a B(E2) rate of above 93 W.u. which would be
too high. The 560.8-keV transition could be then M1
(B(M1) ∼1.8×10−4 W.u.) or E2 (B(E2) ∼1.0 W.u.),
but M3 is firmly excluded. This scenario allows only for
the spin/parity of (3/2−) and (5/2−) for the 561.0-keV
state.
If the 197.6-keV line is E1, then the 163.1-keV γ ray
could be M1 (B(M1) ∼1.9×10−3 W.u.), however E2 is
excluded. While the 560.8-keV transition could be E1
(B(E1) ∼3×10−6 W.u.), M2 is excluded. This scenario
allows only for a spin/parity of (3/2+).
569.1 keV, J = (1/2,3/2): This level receives a
very low β-feeding with logft = 6.3, which may indicate a
forbidden transition from the parent 65Mn. It de-excites
to the ground state and the first excited state. With the
half-life limit of ≤ 12 ps, the 569.1-keV ground state tran-
sition can be either E1 with B(E1) ≥1.8×10−4 W.u. or
M1 with B(M1) ≥9.6×10−3 W.u. Both M2 and E2
multipolarities are excluded for this transition. A sim-
ilar situation occurs for the 205.3-keV line. Thus the
spin for the 569.1-keV level can be either (1/2) or (3/2)
with either parity, although a negative parity would be
favoured.
Due to the very short lifetime limit and energy factors,
even a moderately fast 171.5-keV transition to the (5/2+)
397.6-keV level would be undetectable in our experiment,
regardless of whether it would be M1 or E1 in character.
609.5 keV, Jpi = (7/2+): This level is the only
one that is known to de-excite to the β-isomer at 393.7
keV. It has very weak β feeding if any, with an inten-
sity of ≤1.0%. It is mainly γ fed from higher lying lev-
els. The only reasonable spin/parity assignment would
be (7/2+). A lower spin or negative parity would make
transitions possible to other levels beside the (9/2+) iso-
mer (the (5/2−) at 455.l keV, for example). A higher
spin would cause the levels, whose transitions feed the
609.5-keV level, to directly γ feed the β-decaying isomer.
We found no evidence for that.
We do not observe the 211.9-keV transition to the
(5/2+) γ-ray isomer. An upper limit of intensity for this
transition is 0.2 in relative units.
683.3 keV, Jpi = (3/2−,5/2−,3/2+): The 683.3-
keV level is weakly β fed. It de-excites to four levels
with three of them having spin/parity (1/2−), (3/2−) and
(5/2−), respectively. All of the de-exciting γ rays could
be only of either E1 orM1 type, with the exception of the
ground state transition which can be also E2 in character.
This makes the possible spin/parity assignments for this
level as (3/2−), (5/2−) and (3/2+).
894.8 keV, Jpi = (7/2−): This level seems to
get some β feeding, which would imply negative parity.
Moreover it feeds two excited states of spin/parity (3/2−)
and (5/2−), but it does not feed the ground state, which
is energetically favoured. The transition rates imply that
each of the de-exciting transitions could be either E1 or
M1 in character, but the 531.1-keV transition could be
also of the E2 type with B(E2) ≥8 W.u. The lack of
any ground state feeding almost definitely excludes the
(1/2−) and (3/2−) cases, and makes even the (5/2−) as-
signment unlikely. As a result the most likely spin/parity
assignment for this level is (7/2−).
1057.2 keV, Jpi = (3/2−,5/2−): This level has a β
feeding of 2.9 % and logft =5.6, which favours negative
parity for this state. It populates six states mainly of
negative parity and also the (5/2+) state. As discussed
before, our evidence indicates that the half-life of this
state is very short in the range of a few ps, thus it was
used as an internal “semi-prompt” reference. We have
placed a limit of ≤8 ps on the half-life of this level. A
check on the lifetime limit is provided by the B(E1) value
which we expect to be in the range of about 5×10−5 W.u.
Indeed the half-life limit gives the 659.7-keV E1 tran-
sition a B(E1) value of ≥2.5×10−5 W.u. and firmly
excludes this transition to be M2. The E1 nature
of this γ-ray feeding the (5/2+) state limits the possi-
ble spin/parity assignments to the 1057.2-keV level to
(3/2−), (5/2−) and (7/2−). However, the direct feed-
ing to the (1/2−) ground state definitely excludes the
(7/2−) case. The 1057.2-keV transition could be either
M1 (B(M1) ≥2.8×10−4 W.u.) or E2 (B(E2) ≥0.42
W.u.), but not M3.
The most intense transition is the 693.7-keV one feed-
ing the (3/2−) state. This transition can be either M1
with B(M1) ≥3.1×10−3 W.u. or E2 with B(E2) ≥11
W.u., or a mixture of both. On the other hand the fastest
transition is the 374.1-keV line, which could be either E1
(B(E1) ≥1.7×10−4 W.u.) or M1 (B(M1) ≥1.6×10−2
W.u.) but for sure not E2 in character. The transition
rates for γ rays de-exciting this state are thus consistent
with the proposed spin/parity assignment.
1088.7 keV, Jpi = (3/2−,5/2−): This level has
the second highest β feeding. This rules out a positive
parity for this state and limits the spin/parity to (3/2−),
(5/2−) and (7/2−) as the β transition is clearly allowed.
In similarity to the 1057.3-keV state this level was also
used as “semi-prompt” reference and a limit of ≤8 ps
was set on its half-life. With this limit the 1088.6-keV
transition feeding the (1/2−) ground state can be either
M1 or E2, with the corresponding B(M1) ≥1.0×10−3
W.u. and E2 with B(E2) ≥1.4 W.u., but definitely not
M3. This limits the spin/parity assignment for this level
as 3/2− or 5/2−. All transition rates for other γ rays
de-exciting this level are consistent with this assignment.
The strong β-feeding to the (3/2−) levels in 65Fe makes
a (3/2−) the most reasonable choice for the 1088.7-keV
state, but (5/2−) cannot be completely excluded.
1366.6 keV, Jpi = (5/2−): This level has a sig-
nificant β feeding of 6.3 % with a small logft = 5.2,
which implies an allowed transition making the possible
spin/parity assignments of (3/2−), (5/2−) and (7/2−).
This state was also used as a “semi-prompt” time refer-
ence and a limit of ≤8 ps was set on its half-life. The
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γ rays feeding the (5/2+) and (7/2+) states are E1 in
character with the B(E1) values of ≥4.3×10−6 W.u. and
≥2.3×10−6 W.u., respectively, while the M2 character is
definitely excluded. This allows only the Jpi assignments
of (5/2−) and (7/2−). On the other hand, the ground
state 1366.2-keV transition can be either M1 (B(M1)
≥3.0×10−5 W.u.) or E2 (B(E2) ≥2.7×10−2 W.u.), but
definitely not M3 in character. This excludes the Jpi
assignment of (7/2−), leaving (5/2−) as the only alter-
native. The absence of a transtion linking this state to
the (9/2+) one further supports this assignment.
VI. CALCULATIONS
Shell-model calculations were performed using the
Lenzi-Nowacki-Poves-Sieja (LNPS) effective interaction
[5]. This interaction works in a large shell model space,
employing 48Ca as a core and including pf orbitals for
protons and pfgd (1p3/2, 1p1/2, 0f5/2, 0g9/2 and 1d5/2)
orbitals for neutrons. For further details, refer to [5].
For the beta-decay we calculate the 65Mn 5/2− ground
state in this valence space using the LNPS interaction.
The Gamow-Teller strength function is obtained by the
Lanczos strength function method and from the individ-
ual B(GT)’s the logft values are calculated. The decay
pattern obtained in the calculations is plotted together
with the experimental results in Fig. 13 for energies be-
low 1.6 MeV. Very good agreement is obtained for the
3/2− and 5/2− states when compared to the experimen-
tal results, easily identifying the first 3/2− and 5/2− with
the 363.7- and 455.6-keV levels seen in the experiment.
The logft values help identifying the assigned spins and
parities. The calculated 7/2− states are above 1.5 MeV
with logft > 6.5. States with spin-parity 1/2− were not
calculated as there would not be allowed β transitions to
them. Sizeable Gamow-Teller strength above 4 MeV is
reproduced in the calculations for the beta-decay to the
negative parity states in 65Fe, corresponding to the tail of
the giant resonance. For the lowest lying negative 1/2−
(g.s.), 3/2− and 5/2− states similar configurations are
obtained, supporting their interpretation as the coupling
of the single particle p1/2 neutron orbit to the 0
+ and 2+
states of the core.
The positive parity states have been also calculated
for spins 3/2, 5/2, 7/2 and 9/2. They are in reasonable
agreement with the experimentally measured states that
have been assigned positive parity, although they are pre-
dicted at slightly higher energies. This fact arises from
the dimension limitations of the calculations, which slows
down the convergence of the energy values. The calcu-
lations show a level with spin parity 3/2+ at 930 keV,
which would be above the γ-decaying isomer (at 720 keV
in the calculations). This level has not been identified
in the experiment, nor its expected 3/2+ → 5/2+ and
3/2+ → 5/2+ transitions observed.
The lowest level structure in 65Fe seems to stem from
the coupling of the 0+ ground state and the collective 2+
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FIG. 13. (Color online) A comparison of the experimental
and calculated levels (see text for details). Logft (in brackets)
and spin/parities were calculated for the lower energy levels.
state in 64Fe to a single neutron in the pf shell. In this
way a 1/2−, 3/2−, 5/2− sequence arises from the ground
state to the first excited states. A 7/2− state, which
might arise from the coupling |4+⊗1/2−〉 = 7/2−, 9/2−,
has been experimentally identified at 894.8 keV, but is
predicted by the calculations at higher energies. No 9/2−
state was observed experimentally.
VII. CONCLUSION
We report on the first detailed study of the β− decay
of 65Mn to 65Fe. Both γ and fast timing spectroscopy
were used. The half-life of the ground state in 65Mn
has been measured as T1/2 = 91.9(9) ms confirming the
previous value. The 65Fe level scheme now includes 87
γ rays and 41 excited states. The β-delayed neutron
branch has been measured as Pn = 7.9(12) % about three
times smaller than the value previously measured. A
substantial β-n feeding going to four excited states in
64Fe has been observed.
We have made the first precise energy determination
of the β-decaying isomer in 65Fe at 393.7 keV. The half-
life of T1/2 = 437(55) ns measured for the 397.6-keV γ
isomer is in good agreement with the previously reported
values.
By employing the ATD method 4 new level half-lives
and a few lifetime limits in the picosecond range have
been determined for the excited states in 65Fe. The mea-
sured transition rates allow spin/parity assignments to
the low energy levels to be made.
The experimental excitation energies of positive and
negative parity states below the excitation energy of 1.6
MeV and logft values have been compared to the shell
model calculations obtained with the LNPS effective in-
teraction. The calculation reproduces quite well the ob-
served level structure of negative parity states. With the
16
experimental information on the decay and level half lives
we have tentatively assigned spin-parity to levels in 65Fe
below 1.5 MeV. Positive parity states with spins 9/2+,
5/2+ and 7/2+ are proposed at low excitation energy.
These assignments are also supported by our shell-model
calculations, and show the importance of the positive
parity orbitals across the N = 40 subshell and N = 50
shell gaps.
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